Mobile robots for harsh environments provide useful means for automating the collection of research data in the field by reducing human involvement. MARVIN II has been designed and constructed to autonomously collect radar measurements to determine properties of the polar ice sheets. This paper discusses the lessons learned from a number of field experiments with its predecessor MARVIN, and how these lessons influenced the new design of MARVIN II.
INTRODUCTION
With the possible melting of the polar ice caps and the gradual rise in sea level, the polar regions of the Arctic and Antarctica have become key targets for earth science researchers. The potential impact from these ecological changes is still unknown. By monitoring changes to the ice sheets, researchers may be able to validate their theories regarding the role the ice sheets play globally. Due to the adverse conditions of polar environments, field research and the collection of data can be quite difficult. Mobile robots for harsh environment provide useful means for automating the collection of research data in the field by reducing human involvement. The Polar Radar for Ice Sheet Measurement (PRISM) project [1] focuses on the task of developing a radar system capable of measuring the thickness and basal conditions of the polar ice sheets. A human driver could tow the radar system across the ice sheet using a tracked vehicle, but without any visual references, it is difficult to maintain the required straight line over any distance. In order to address this issue, an autonomous mobile robot has been developed to safely and precisely transport the radar across the ice sheet. The radar's antenna arrays are towed on a pair of 4.0 x 2.0 meter sleds. The mobile robot must operate within the harsh arctic environments of Greenland and Antarctica with limited supervision (refueling and remote monitoring).
In Spring 2002, the design and construction of the Mobile Arctic Robotic Vehicle for Ice Navigation (MARVIN) [2] , [3] began (Figure la) . It was first evaluated in Greenland during the Summer of 2003. After modifications and added autonomy, the rover was deployed and integrated with the radar systems at the Greenland Summit Camp [4] during the Summer of 2004 [3] . This field experiment demonstrated some of the limitations of the initial design of the rover.
Because of the limitations, revisions were made to the robot's design. Development of a new mobile robot began during the Fall 2004. It has been named MARVIN II as it must address all of the environmental and scientific requirements of its predecessor. The first and second robot will be referred to as MARVIN and MARVIN II, respectively.
In this paper, the initial design of MARVIN is discussed 
MARVIN
The first mobile robot for the PRISM project, MARVIN, was constructed using a MaxATV Buffalo [5] All Terrain Vehicle (ATV) as the mobile platform. This section presents a description of the robot's hardware, and software, along with the evaluation of the rover. From the results of this evaluation, a set of lessons from this first platform are derived. These lessons helped guide the construction ofthe rover's successor. The six-wheeled MaxATV features a skid-steering drive system. The robot has a ground clearance of about 12.5 cm. It can tow up to 454 kg and haul 408 kg. A custom enclosure was built on top of the rover to house the robot's sensors, actuators, computers, and all radar equipment. A gas generator provides power to the onboard systems.
Linear actuators are used to automate the platform. The left and right brakes are controlled using linear actuators affached to the respective control handle for each. The engine's throttle is controlled using a linear actuator, affached to the rovers throffle control cable. The actuators are magnetically driven and provide 5 mm position accuracy. Localization was handled using a Topcon real-time kinematic (RTK) GPS [6] for centimeter level accuracy (for radar measurements) along with a gyroscope and inclinometer to provide the robot's orientation. A compass could not be used due to the skew caused by the close proximity to the magnetic poles. A laser range finder is used to detect obstacles. An internal temperature sensor provides feedback regarding the current temperature within the enclosure. Lastly, a weather station and a pan-tiltzoom camera are included for outreach activities of the project. Automation of MARVIN is handled using a ruggedized laptop. A software library for control of the actuators and each of the sensors is wriffen in Java [7] . Navigation and various movement pafferns are performed by following a set of previously determined waypoints to collect radar measurements along a specific path.
Research during the Greenland 2003 field season focused on testing each of the individual components of MARVIN. Components were subjected to a deep freeze upon arrival on the ice sheet, and each was tested to ensure that it could reliably operate within the polar conditions. The rover was tested over several long ranged traversals to determine how it handled when maneuvering on the snow. During the North GRIP camp [8] experiments, the sensors proved reliable. MARVIN became stuck in snow only once. After a year of work, MARVIN was sent back to Greenland in the Summer of 2004 to test its automation. It was integrated with the radar system such that it would autonomously move across the ice sheet following a precise path so that radar data could be collected. Unlike the previous experience at North GRIP, it was much warmer at the Summit Camp in 2004. As a result, the rover became stuck periodically. This happened most frequently during turns in which one of the tracks would be braked. The camera's pan-tilt motor failed due to excessive vibrations. Ultimately, MARVIN's transmission failed due to being overweight and possibly a buildup of ice on the robot's axles. Figure 2a demonstrates MARVIN's inability to traverse in a straight line during a long distance path across the ice sheet.
After the results of the 2004 field season, MARVIN was evaluated to determine its weakness and the best course of action to resolve the issues encountered. MARVIN's drive system proved insufficient for snow at warmer temperatures. Because skid-steering involves applying a brake to one side to turn in the desired direction, power is lost due to braking and one side must also be dragged in order to make the turn. The stationary track also begins digging into the snow. With the rover's low ground clearance, the rover would "high center" where its undercarriage would touch the ice sheet's surface and immobilize the rover. The robot's existing control system was written without feedback from the wheels/tracks. As a result, a great deal of calibration was required to determine the rover's speed given an actuator state. The braking system did not provide a linear change in speed. As a result, control of the robot, particularly at low speeds was erratic. The control system was also written such that the rover would always turn in place toward the target waypoint because slight speed adjustments were not available. This resulted in an oscillation about the desired path, instead of following the path precisely. Given a robotic system with track rate feedback, it would be possible to implement a control system that compensated for getting off the path by gracefully drifting back toward the desired path instead of making large corrections to the orientation. The rover's enclosure proved to be more of a hindrance than expected. Despite the arctic environment, the platform's engine and the onboard generator produced more heat than expected and as a result, the onboard equipment was susceptible to overheating. The enclosure also provided a great deal of additional weight upon the rover's frame directly over the engine compartment. The extra weight contributed to the rover's poor handling in softer snow. A more compartmentalized system was needed to house the radar and robotic systems such that the overall load would be reduced and more evenly distributed.
MARVIN II
In order to address some of the limitations of MARVIN, MARVIN II (Figure lb) was designed and built. Many of the decisions made regarding the design of the new robot were traceable to the lessons learned from MARVIN. MARVIN II was built using a RangeRunner All Terrain Vehicle (ATV) from TerraTrack [9] as the mobile platform base vehicle. The new vehicle has a 22.9 centimeters ground clearance, a 32 horsepower diesel engine, and a hydrostatic differential drive system. Hydraulic motors with built-in speed sensors allow for a finer control. Turns can be produced by speeding up one side, slowing down one side, or both. This improves the system in two ways, namely, horsepower is not lost to braking, and one track no longer has to be dragged in order to turn. Another difference is that the new base vehicle is built with tracks whereas the first is a six-wheeled vehicle with a track kit. The tracks on MARVIN had a tendency to come off when turning on hard surfaces. All of these improvements make MARVIN II much less likely to get stuck while on ice and snow.
The sensor suite of MARVIN II is quite similar to its predecessor. The weather station has been eliminated in place of a ground-based solution. The camera will no longer pan and tilt, but rather will have a fixed mount because the motors could not handle the vibration caused by a moving vehicle. Speed sensors have been integrated with the hydraulic motors used to drive the vehicle. Each speed sensor provides a fixed number of pulses per revolution, which is used to determine the speed of each track. During early development of MARVIN II, a Garmin [10] handheld GPS receiver was used in place of the Topcon GPS. The Topcon GPS receiver was later utilized, but no longer in RTK differential mode due to the longer paths required during the
2005/2006 Antarctic field season.
A control box has been constructed to house an embedded control system, internal robotic sensors, and the power supplies for the various subsystems. Toggle switches allow the various subsystems to be powered individually. I/O ports such as USB, RS232, and Ethernet are provided such that multiple computers and external devices may be integrated with the control box. Even though the robot will be autonomous when deployed in the field, a pair of LCD screens and a set of LEDs are installed in the control box's front panel so that a human rider can monitor the vehicle's status. Toggle and momentary switches are also provided so that the robot's operation mode may be set outside of software. An embedded controller was constructed to handle lowlevel control of the robot. The embedded controller utilizes a Xilinx VirtexIl Pro [11] , which is equipped with FPGAs and dual embedded PowerPC processors. Custom I/O boards were constructed to handle communication between the controller, robotic components, and the control box's user interface. The control system is divided between the embedded controller to control the speed of the tracks and a laptop that communicates with the embedded controller. The laptop determines where and at what speed the vehicle should move. It uses the GPS and gyro to determine its next movement. The laptop uses a wireless network to communicate remotely. Unlike MARVIN, the new control software is written such that the two levels of control are decomposed from the original monolithic control system. At the highest layer, the given waypoint list is evaluated and the waypoint navigator is given a new path to traverse. At the waypoint navigator layer, the sensors are monitored to determine and assign desired speeds for each track in order to drive the robot toward the path. Finally, at the lowest level, the embedded controller adjusts the actuator state until the desired speed is reached. This division allows the laptop to control the higher level actions of the robot such as setting the desired speed of each track, performing obstacle avoidance, and making route corrections. The embedded controller handles the lower-level control which attempts to keep each track moving at the requested speed, while adjusting for bumps, hills, or anything that might hinder the speed of the tracks. The waypoint navigator for MARVIN II utilizes its ability to make small adjustments to the track speeds. Given the relatively flat surface of the snow, the robot will generally traverse the ice sheet and keep within tolerance of the path. In order to collect radar data, the mobile robot must follow paths several kilometers long in a rectangular shape. A series of waypoints must be generated such that the robot travels a smooth loop so that it may transition from the first path to the second. An example of this waypoint pattern is shown in Figure 2c .
Prior to deployment of MARVIN II to Antarctica, numerous series of experiments were performed to analyze the performance of the new rover and its control system. Both the straight line traversal and path change operations were tested. To analyze the robot's performance traversing a path between two waypoints, a 240 meter path was selected. To simulate the effect of encountering ruts in the snow caused by other vehicles, the path selected feature a 0.25 meter rut caused by soil erosion. The path was traversed using both the Garmin GPS and the Topcon GPS in order to compare the performance given a particular receiver. The results of these experiments were compared with the results from similar experiments using MARVIN during the summer of 2004 off the ice [12] . MARVIN II's mean error is much lower than MARVIN's. The standard deviations for both MARVIN II experiments were lower than MARVIN. The robot is capable of converging with the desired path faster when it has the faster feedback. The robot's paths using the Garmin GPS and the Topcon GPS are shown in Figure 2b top and bottom, respectively. While the robot performs the path change, it is not necessary for it to follow the path precisely. It is more desirable that the robot converge with the new path soon after completing the path change arc. Figure 2c presents MARVIN II's path while following the desired set of waypoints for performing a change in path.
CONCLUSION
Experiences gained from field experiments with the first rover provided many key insights that helped guide the design of second rover. The resulting mobile robot is better capable of meeting its requirements for supporting autonomous radar measurements. The initial results show a significant increase in performance. MARVIN became frequently stuck in the polar ice while turning. MARVIN II has been given a higher ground clearance to reduce the chance of highcentering the vehicle. Its hydrostatic drive powers both tracks independently such that power is not lost during the turn. MARVIN II is always moving forward while turning, which results in wider turns, but it less prone to become stuck. The design of MARVIN's environmental enclosure resulted in both heat and weight issues. MARVIN II features independent compartments for both robotic and radar subsystems. This modular design allows weight to be more evenly distributed about the vehicle. Rather than relying on engine heat to warm the components, each module can regulate its own heat based on heat produced by the components within it, as well as fans to vent excess heat. While the vehicle is inactive, internal heaters will maintain the proper storage temperatures to prevent damage.
Positioning and heading determination has been a great challenge for the robot. Due to the close proximity of operation to the magnetic poles, a compass cannot be utilized to provide initial heading. Instead, measurements from GPS must be used to determine the initial heading and periodically recalibrate the gyroscope. A comparison in performance was made between the robot's performance using a high-end GPS versus a consumer GPS. The results showed that the performance boost from the high-end GPS only benefited applications such as the PRISM project because it did not significantly reduce the robot's error. However, the robot was less prone to oscillate about a desired path. Finally, steering and control of MARVIN was quite difficult. Often the robot would overshoot its desired heading. Precise control of the track speed was not possible. MARVIN II's hydrostatic drive provides finer control of each robot's track. Shaft encoders on each track provide additional feedback regarding the robot's track speeds. Finally, MARVIN II's low-level embedded controller focuses on adjusting the actuators such that the tracks move at the desired rate. Therefore, the higher-level control software can focus more toward adjusting the track speeds to obtain the desired behavior. Addition lessons learned from other field robotics research can be found in [13] , [14] , and [15] .
In terms of limitations, crevasses are a serious problem for autonomous robots in the arctic, but MARVIN II does not yet make an attempt to avoid them. Our testing is to be performed in an area without crevasses, so this is unnecessary for these experiments. However, detecting crevasses must be an important part of the vehicle in the future if it is to travel autonomously over uncharted arctic terrain. Fuel is the main limiting factor of the MARVIN II. Because MARVIN II requires generators to power the equipment and a diesel engine drive the vehicle, the robot can function for several hours at a time before requiring human interaction. Future versions where the robot is to travel for days at a time, must have the ability to power the equipment in a more efficient manner. A number of polar robots are described in [16] , concentrating on how the systems are powered and a possible solar powered solution.
